Abstract. Schistosomiasis is a major public health problem in many developing countries. Previous studies have shown that infection levels by Schistosoma mansoni in a Brazilian population is controlled by a major gene, denoted as SM1, which was mapped to chromosome 5q31-q33 by use of a model-based (logarithm of the odds [lod] score) analysis method. The present study is an autosome-wide scan searching for additional human loci implicated in the regulation of S. mansoni infection intensities. The weighted pairwise correlation model-free linkage method was used in order to consider large pedigrees and to conduct a 2-locus analysis (i.e., to search for a second locus taking into account linkage to 5q31-q33). The most significant linkage results were again obtained in the 5q31-q33 region. Two additional regions provided linkage results with significance levels around 0.001, 1p21-q23 (results independent of 5q31-q33) and 6p21-q21 (results in interaction with 5q31-q33). The investigation of these regions, which contain some candidate genes, is ongoing in other populations to confirm the role of these regions.
INTRODUCTION
Schistosomiasis affects Ͼ 200 million people and is a major public health problem in many developing countries. 1 The disease is spreading with the implementation of irrigation schemes in developing countries and is caused by eggs laid by schistosome worms. The larvae of Schistosoma mansoni, the most common schistosome species, penetrate the skin of humans in contact with infested waters. Within a few weeks, the parasites migrate to the portal and mesenteric veins of their host, where they mature into either male or egg-laying female worms. Although most eggs pass into the intestine, a number of them are taken by the portal blood flow to the liver, where they are stopped in small vessels, causing inflammatory granuloma. In certain people, granulomas lead to extended periportal fibrosis and portal hypertension, which cause the severe clinical features of schistosomiasis.
In a large genetic epidemiology survey conducted in a Brazilian village, we have shown that a major locus controls the levels of infection by S. mansoni. 2, 3 This was done by means of a model-based analysis strategy combining 2 successive steps. In a first step, segregation analysis provided evidence for a codominant major gene, denoted as SM1, taking into account other risk factors for infection (water contact levels, age, and sex). 2 Under this major gene model (SM1 model), ϳ 3% of the population are homozygous and predisposed to very high infection levels, 68% are homozygous and resistant, and 29% are heterozygous with an intermediate level of resistance. In a second step, a genome screen was carried out by means of a classical (model based) lod-score (the decimal logarithm of the likelihood ratio for linkage versus non-linkage) analysis that is based on the SM1 model, and SM1 was mapped to chromosome 5q31-q33. 3 The 5q31-q33 region contains several candidate genes encoding immunologic molecules that had been shown to play important roles in human protection against schistosomes, and the presence of a locus influencing S. mansoni infection levels on chromosome 5q31-q33 was further replicated in a Senegalese population. 4 In our Brazilian population, no other chromosomal regions provided significant evidence of linkage on the basis of lod-score values computed under the SM1 model. 5 However, other loci that may influence S. mansoni infection levels in addition to SM1 are likely to have a mode of action different from that of SM1. Therefore, the identification of additional putative loci requires the use of model-free linkage methods, which do not need to specify the precise genetic mode of action.
In the present study, we used the weighted pairwise correlation (WPC) model-free linkage method 6 to investigate the role of other loci influencing S. mansoni infection levels in the Brazilian pedigrees we assessed. The WPC approach is especially appropriate to study these extended-family data because it considers all pairs of relatives in large pedigrees. Furthermore, we recently developed extensions of the WPC method, 7, 8 which allow us to perform 2-point and multipoint linkage analysis that is based on identical by descent (IBD) information and to consider the role of 2 unlinked loci (2-locus analysis) influencing the phenotype. This latter extension was especially useful to search for a second locus influencing infection levels, taking into account the known linkage of SM1 to chromosome 5q31-q33.
MATERIAL AND METHODS
Study area and familial data. The study subjects lived in a small village, Caatinga do Moura, in the northeast of Brazil, where S. mansoni is endemic. The measurements of individual exposure to infection and the determination of the phenotypes measuring susceptibility to S. mansoni infection have been extensively described elsewhere. 2, 9 In brief, infection intensities were measured by individual fecal egg counts before any treatment expressed in eggs per gram of feces and noted as E1 values. These E1 values were log transformed and adjusted for risk factors of infection (water contact levels, age, and sex) by multivariate regression analysis, leading to the so-called E3 values, which were the phenotypes studied in previous linkage analyses 3, 5 and which we also used in the current work.
The present study was performed on the 142 subjects previously analyzed by Marquet and others. 3, 5 These people belong to 11 families, including 2 large pedigrees (comprising 50 and 20 people, respectively), 5 smaller pedigrees (12, 9, 14, 6, and 7 people, respectively), and 4 nuclear families (7, 5, 6 , and 6 subjects, respectively). Informed consent was obtained from adults or from parents of minors, and human experimentation guidelines of the authors' institutions were followed.
Genotyping. We performed DNA extraction, amplifications, and PCR-product analysis as previously described. 3, 5 The primary map for the 22 autosomes consisted of 235 markers from the Généthon panel of microsatellite markers 10 with an average interval spanned by adjacent markers estimated to be 15 cM; no interval was Ͼ 35 cM, and 5 intervals were between 25 and 35 cM. Additional markers were from the Généthon panel or intragenic, as described elsewhere. 3, 5 Marker allelic frequencies were estimated from our data.
Linkage analysis. All linkage analyses were performed by means of extensions of the WPC method. 6 The WPC approach is a model-free method of linkage analysis-that is, it makes no assumptions about the mode of inheritance of the trait, which has the advantage of being applicable to any kind of traits, and it considers all pairs of relatives in large pedigrees. Furthermore, in the present case of a quantitative trait (E3 values quantifying infection levels), the method does not need to make any assumptions on the trait distribution. The basic principle of the WPC approach is to test whether 2 relatives having close infection levels share more marker alleles than randomly expected. For a pedigree of n members, the WPC statistic S is written as a summation over all pairs of relatives:
where W ij specifies the marker similarity between 2 relatives i and j and the cross product U i U j measures the phenotypic resemblance between i and j. The U i are the residuals of the model chosen for the phenotype, centered within each family and correspond in the present study to the E3 values (i.e., egg counts adjusted for water contact levels, age, and sex) used in previous modelbased linkage analyses. The W ij are based on the proportion of marker alleles shared by 2 relatives i and j determined from marker genotypes, and are computed as W ij ϭ w ij Ϫ E(w ij ). As recently proposed, 8 w ij corresponds now to the proportion of alleles shared IBD by i and j (2 alleles are IBD if they are of the same ancestral origin), and E(w ij ) is the expectation of w ij under the null hypothesis of no linkage H 0 .
We extended the WPC method in order to compute multipoint IBD sharing between pairs of relatives 11 by means of the efficient regression approach developed by Fulker and others 12 for sibships, and extended by Almasy and Blangero 13 for pedigrees. The W ij can also be modeled to account for the role of 2 unlinked marker (2-locus model) in the expression of the phenotype, and we used in the present analysis the multiplicative 2-locus method described in ZinnJustin and Abel. 7 This 2-locus approach can be understood as a statistical interaction effect between the 2 tested markers because 2 relatives are considered to have a marker resemblance only if they share at least one allele at each marker locus. In the present study, the 2-locus statistic allowed us to search for a locus (outside chromosome 5) taking into account the known linkage to chromosome 5q31-q33. More specifically, we used the linkage information provided by marker D5S636, which gave the highest lod-score value in previous studies, to search for the role of loci located on other autosomes.
In the WPC method, the test statistic for linkage is T ϭ S/(VarS) 1/2 , which has asymptotically a standard normal distribution under H 0 . The variance of S is calculated with the use of permutation distribution correcting for residual sibsib correlations. 14 However, previous simulation studies under H 0 showed an overestimation of the Type I errors for the WPC test, 7, 8, 14 especially for low Type I errors. Therefore, a Monte Carlo (MC) procedure was used to compute empirical P values in order to obtain reliable significance levels, as previously described. 7, 8 For the one-locus test, denoted as T A , 10 6 replicates of familial marker data were generated under H 0 , keeping fixed the pedigree structures and the phenotype values. The 10 6 T A values were computed providing the empirical distribution of the test under H 0 , and the MC P value, denoted as p A , is the proportion of replicates that yielded a T A value greater or equal to the one observed in the actual data. The same principle was used for the 2-locus test, denoted as T AͦD5S636 , for which 10 6 replicates of marker data were generated at locus A, keeping fixed the pedigree structures, the phenotype values, and the genotypes at D5S636 in order to test the null hypothesis of no linkage to locus A given the linkage information at D5S636. The corresponding MC P value will be denoted as p AͦD5S636 .
The linkage study strategy was a genome-wide search by use of 1) the WPC test T A for the 22 autosomes and 2) the WPC test T AͦD5S636 for the 21 autosomes (excluding chromosome 5) to search for a second locus taking into account the linkage to 5q31-q33. Multipoint WPC analyses were performed in the 5q31-q33 region and in other regions showing interesting 2-point results as described in Zinn-Justin and others. 11 All computations were performed by our previously developed IBD extension 8 of the Fortran WPC program provided by Daniel Commenges. Multipoint IBD sharing estimates for all relative pairs of the pedigree were estimated by means of the SOLAR package. 13 
RESULTS
In 2-point WPC analysis of chromosome 5 (Figure 1) , MC P values Ͻ 0.05 were observed with only the 2 markers of the primary map located in 5q31-q33, D5S393 (p A Ͻ 0.002) and D5S410 (p A Ͻ 0.0004), and lower p A values were obtained with additional markers D5S487 (p A Ͻ 0.0002), D5S636 (p A Ͻ 0.0004), and D5S436 (p A Ͻ 0.0003). Multipoint analysis of the 5q31-q33 region is presented in Figure  2 . Maximum multipoint T A values (p A Ͻ 4 ϫ10 Ϫ5 ) were observed between markers D5S393 and D5S436, not far from the cluster of candidate genes encoding interleukin (IL)-4, IL-5, IL-13, and the interferon regulatory factor 1 (IRF1). By use of the model-based analysis, 3 maximum 2-point lodscore values were obtained for D5S636 corresponding to an asymptotic P value around 2 ϫ 10
Ϫ6
, and the peak lod score in multipoint analysis (which was confined to 6-point analysis) was between markers CSF1R (colony-stimulating factor 1 receptor) and D5S636 (asymptotic P value Ͻ 3 ϫ 10 Ϫ7 ).
Results of the autosome-wide scan that used 2-point WPC tests (T A or T AͦD5S636 ) are shown in Multipoint WPC analysis of region 1p21-q23 ( Figure 3A ) confirmed that the most significant results are obtained when the one locus T A test with a maximum value (p A Ͻ 0.002) corresponding to marker D1S252 is used. In region 6p21-q21 ( Figure 3B ), the peaks of both multipoint T A and T AͦD5S636 tests are reached at marker D6S286 with lower MC P values for the 2-locus test (p AͦD5S636 Ͻ 0.002) than for the one-locus test (p A Ͻ 0.02). Multipoint analysis of region 7q35-q36 (data not shown) provide MC P values very close to those obtained with the 2-point analysis. DISCUSSION We present here the results of the autosome-wide scan searching for loci influencing infection levels by S. mansoni by means of a model-free linkage analysis method. We used the WPC linkage approach, which allows to consider large pedigrees and was recently extended to perform both multipoint and 2-locus analysis. The highest significant linkage was obtained with the 5q31-q33 region, confirming our previous mapping, which used a model-based lod-score approach. 3 The multipoint WPC peak was located ϳ10 cM apart from the peak lod score, but all the 30-cM region between IL-4 and D5S412 provided WPC MC P values Ͻ 0.001. Although these linkage results validate the role of the 5q31-q33 region, the precise location of SM1 requires linkage disequilibrium studies with polymorphisms of the candidate genes located within this region such as those coding for IL-4, IL-5, IL-12B, IL-13, IRF1, and the CSF1R.
In addition to chromosome 5q31-q33, 3 other regions pro-FIGURE 2. Linkage analysis of the 5q31-q33 region using the weighted pairwise correlation (WPC) method. Monte Carlo (MC) P values (reverse log scale) obtained with the one-locus T A test are indicated by the squares (2-point analysis) and the solid line (multipoint analysis). Two-point asymptotic P values obtained by our previous lod-score analysis are also indicated by circles. Multipoint lod-score analysis considering all 5q31-q33 markers could not be performed for computational reasons. vided linkage results with significance levels Ͻ 0.01 with the one-locus test T A , the 2-locus test T AͦD5S636 , or both. In region 1p21-q23, the most significant multipoint results were obtained at marker D1S252, with MC P values around 0.001 for the one-locus test, whereas much higher significance levels (ϳ 0.20) were observed via the 2-locus test. This suggests that if a locus influencing S. mansoni infection levels does exist in this region, it would act independently of SM1. Opposite results were observed in region 6p21-q21, with more significant results (MC P values ϳ 0.001) obtained with the 2-locus test than with the one-locus test, indicating that a putative locus located in this region could interact with SM1 in the regulation of S. mansoni infection levels. In region 7q35-q36, both the one-locus and the 2-locus tests provided close results, with significance levels around 0.007. Among these 3 regions, only the 7q35-q36 region provided significant lod-score values in our previous model-based analysis with asymptotic P values around 0.01.
The examination of human genome maps (http:// www.ncbi.nlm.nih.gov/genemap99) shows that some candidate genes are located within these 3 regions. The chromosome 1 region between D1S248 and D1S484 contains the CSF1 gene, of which receptor is located in 5q31-q33. The 6p21-q21 region is located between 2 regions of major interest. One is the major histocompatibility complex (MHC) region, and the other is the 6q22-q23 region, which contains the gene encoding for the interferon gamma receptor ligandbinding chain (IFNGR1) and which was recently linked to a locus controlling the development of severe hepatic fibrosis due to S. mansoni infection, denoted as SM2. 15 However, the genetic distance between D6S286 (corresponding to the multipoint WPC peak) and the MHC genes and IFNGR1 is ϳ 40 and ϳ 45 cM, respectively. Therefore, the present linkage results are very unlikely to be explained by a putative locus located within the MHC region or close to SM2. Finally the 7q35-q36 region contains the beta T cell receptor, and T cells were shown to play a central role in the development of acquired immunity against schistosomes.
In conclusion, this autosome-wide scan that uses a modelfree linkage method confirmed that in this Brazilian population, there is only one major locus (SM1) located in region 5q31-q33 influencing S. mansoni infection levels. However, the present analysis also identified some candidate regions in which additional loci may play a role (although much less significant than SM1) independently or not of SM1. Further studies in other populations are ongoing to confirm the role of these loci.
